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ORGANICALLY WNCTIONAU2ED MONOOSFEJISE NANOCRYSTALS OF METALS 

Fir,I.f7QFTH£ INVENTION 

This invention relates to metal and metal alloy nanocrystals In one of its more 
particular aspects, this invention relates to organically- functional ized monodispcrsc 
nanocrystals of metals and metal alloys and methods of preparation thereof. 

R ArKCiROLTNP OF THF INVENTION 

Preparations for nanoparticlc metal and metal oxide hydro sols are known The myriad 
methods for preparing these particles include, but arc not limited to (I) the synthesis of 
colloidal dispersions of various transition metals (PL Pd. lr. Rh. Os, Au. Ag. Fe. Co. and the 
like) in aqueous media, stabilized by added polymers as protective colloids: (2)thc synthesis 
of ultrasmall metal oxide particles by the combination of water and metal chlorides, 
hydroxides, or acetates, in aqueous media; (3) the synthesis of Ag nanopanicles by the 
reduction of Ag* in aqueous media; (4) the formation of colloidal silver and gold in aqueous 
media by ultrasonic radiation; (5) the formation of colloidal gold in aqueous media by the 
reduction of a gold salt; and (6) the formation of colloidal platinum and palladium in aqueous 
media by synthetic routes analogous to those for preparing gold colloids. The fabrication of 
large metal cluster complexes with various stoichiometrics and ligands (e.g. M 55 L i: Cl,, M - 
Rh.Ru.PuAu.L- PR,, AsR 3 ; x - 6, 20; R« Ph. t-Bu) is also known. 

Nanometer-scale crystallites of various metals and non-metals have received a great 
deal of attention in the past decade. For such cry stall*t«, the electronic, thermodynamic, and 
chr-nical properties depend sensitively on size, shape, and surface composition; therefore, 
these materials have been marked for a number of technological applications ranging from 
chemical catalysis, pholocJcctronics. film growth seeding, electronic materials, reprography, 
xerography, electron microscopy, and others. A major challenge to this field in general and a 
great harrier to actualizing such applications of these novel particles is the complete control 
over pirticle size, morphology, and surface structure The preparation and isolation of 
crystallites characterized by well-defined surface compositions, narrow size distributions, ana 
uniform shape is paramount to their success as applied materials In addition, most o! these 
applications require that the particle:: he dispersihle in:o some ^'i\en:. polymer, or other 
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matrix as a monodispcrsc (non-aggregated) colloid, and lhat they exhibit various chemical 
and thermal stabilities. Metal particles involved in these various technologies include 
ferromagnetic materials (e.g. Fc 2 Oj, Co), noble metals (Pd, Pt), coinage metals (Au. Ag), 
alloys of these metals (e.g. Co,AuJ. oxides of these metals (e.g. Ag : Oh and others. 

To dale, there are only a few reports concerning the preparation of organically - 
functional izcd metal nano particles. However, the products synthesized in these reports arc 
marred by some or all of the following characteristics: 1) the resulting materials are x-ray 
amorphous (non-crystal line); 2) the resulting materials have poor surface compositions; 3) the 
resulting materials have poor solubility in aqueous and organic media; and 4) the resulting 
materials have broad relative size distributions (mean diameter ± 50 •/•). For example. 
organically-fuiKtionalizcd gold nanocrystals limited .J certain "average" sizes, characterized 
by broad size distributions, and which arc not soluble in aqueous media have been disclosed 

BRIEF STATEMENT OF THE INVENTION 
The nanocrystal products of the present invention avoid the previously discussed 
problems. The "as prepared" spherical nano panicles arc crystalline and arc characterized by 
narrow relative size distributions (as low as ± 10 %). More importantly, however, is the fact 
lhat they are functional ized with well-defined organic groups covalently bound to the particle 
surface. These organic functional groups may be altered both chemically and with respect to 
percent coverage on the surface. Such chemistry' is tremendously useful in the following 
ways: I) the organic functional groups, coupled with the size-dependent curvature of a 
particle surface, yield varying solubilities as a function of particle size. This fact, along with 
the size dependent interactions between particles allows the production of narrow size 
distributions (ideally to within ± .3 run) over the range of - 1.5 to 10 nm, using specially 
developed chemical techniques; 2) the particles may be made highly soluble in aqueous 
media as well as a variety of organics (alkanes. aromatics, halogenatcd hydrocarbons, and the 
like). This leads to the ability to prepare particles on or inside various substrates and matrices 
(gels, polymers, glasses, porous materials, and the like). 3) the effect of fractional surface 
coverages on similar size particles can be used to stericjll> control chemical approach to a 
suiJacc to give increased reaction selectivity in certain catal> tic processes 



W O 9104224 rCT/US9*/2(M02 



The method for the preparation and isolation of crystallite* according to the present 
invention is characterized by well-defined surface compositions, narrow size distributions, 
and uniform shape. Also, two- and three-dimensional close-packed ordered arrays 
(superiatticcs) of these nanocrystals have been fabricated on half-micron length scales. 
5 Catalyiically active metals such as Pu Pd, and Ag and non-catalytically active matals and 
alloys such as Au and Co^At^ have been prepared. 

The present invention provides techniques for the synthesis of various metallic 
nanocrystal materials in which the resultant particles are characterized by the following 
properties: ( I ) they arc soluble and resoluble in various organic media, including organic 

10 solutions containing dissolved polymers: (2) they arc stable as powders or monodispcrse 
(non-aggregated) colloids under ambient conditions for at least several days: (3) they arc 
stable for months when stored under low temperature conditions as powders or monodispcrse 
(non-aggregated) colloids in solution: (4) they can exist as monodispcrse entities (when 
prepared as organic colloids) which can be readily separated into arbitrarily narrow size 

15 distributions via various chemical and chromatographic techniques; (5) they can be prepared 
in at least gram quantities; (6) they may consist of a host of metallic elements prepared as 
cither pure metal particles or alloys, synthesized from the combination of a host of specific 
metal-containing inorganic compounds, phase transfer catalysts, surface passivants. and 
reducing agents; (7) they are readily dispersed into various matrices or onto various substrates 

20 (gels, polymers, glasses, alumina, silica, and the like). (8> can he arranged in <vo- and 
three-dimensional close-packed ordered arrays to form 'superiatticcs' cxhib novel 
electronic properties dominated by single electron phenomena Particles that have been 
prepared and that meet the above criteria include Au. Ag. Pt. Pd, and Co/Au (alloy) Particle 
sizes range from 1 - 20 nm diameter. 

25 Besides the fact that the nanocryttaJs of the present invention have a host of materia 1 * 

properties not exhibited by any other particle system, a major advancement of the technology 
over existing prior art is the use of covalcntly -hound organic ligands, which form excellent 
kinetic and/or thcrmody nomically stable monolayers on the surlaccs of the nanocrystals. as a 
route toward stabilizing these particles in solution This enables chemically tailored 

*<) solubility, monodispcrsit \ inJ si/l- control to ihc I'uul incij! r..inocr> si.il product I he 
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Iigands in genera] have a clicmical component which interacts with the metal nanocrystal 
surface, and a chemical component which interacts with the surrounding solvent, polymer, 
matrix, etc. Both components can be modified within the limits of chemical compatibility. 

The invention is not limited to simple single component metallic systems. Indeed, for 
5 some systems it is difficult to chemically stabilize a bare metal particle through the use of 
co vaJ en t organic Iigands. However, in that case, alloys of the metal may be made in which a 
second metal is included. Ideally, this second metal is characterized by a lower surface 
energy (so it coats the surface of the particle), and is itself readily stabilized by a certain 
organic ligand. For example, in the Co/ Au system. Co has magnetic properties which lend it 
10 to potential technological applications. However, it is difficult to find Iigands which 
chemically stabilize a Co nanocrystal. Such Iigands are readily found for the Au system, and. 
furthermore, Au has a lower surface energy. Thus it is possible to prepare Co/Au alloyed 
nanocrystals which exhibit the ferromagnetic properties of Co but arc characterized by the 
relatively simple surface chemistry of Au. 
15 In general, the organically functional ized metal and metal alloy nano particles of the 

present invention are pr epar ed by providing a solution or dispersion of a metal precursor, 
providing a solution of an organic surface passivant* mixing the metal precursor solution or 
dispersion with the organic surface passivant solution, reacting the resulting mixture with a 
reducing agent to reduce the metal precursor to free metal while concomitantly binding the 
!0 organic surface passivant to the resulting free metal surface to produce organically 
functional ized metal or metal alloy nanoparticles having a particle diameter of 10 - 2 00 A 

In a preferred embodiment of the invention, an organic solution of a phase transfer 
agent is mixed with the metal percursor prior to mixing with the organic surface passivant 
DESCRIPTION OF PRFFFRRPD EMBODIMENTS 
5 An inorganic gold compound such as HAuCl 4 is dissolved in H : 0 to generate a 

solution containing AuCl/ as the active metal reagent. AuCI 4 " is phase transferred from ll%0 
into an organic phase such as toluene using an excess o! a phase transfer reagent or catalyst 
vjch as N(C\H,i) 4 Hr A stoichiometric amount o| an a!k\lthiol Mich as ( J I, ,SH dissolved in 
an organic wmenf such a* toluene is added to the organic pIunc l-x^c^ reducing agent such 
0 a\ NaBM 4 is diwiUcd in H ; O t added to the organic mixture \sith rapid ^t irTi . and allowed 
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lo continue to stir for several hours llic aqueous layer is removed and discarded. The organic 
layer is passed through submicron filter paper (no material is removed, and all color passes 
through the paper). The organically-functionalizcd metal nanocrystals are precipitated using 
an alcohol solution such as ethanol kept at low temperature. The filtrate is washed with this 
5 same alcohol. The particles arc re -dissolved in an organic solvent such as toluene, re- 
precipitated and re-washed. The particles arc finally re-dissolved in an organic solvent such 
as hexanc or toluene. 

Au particles with one phase transfer reagent and an alkylamine as the surface 
passivant can be prepared using an akylamine such as C 12 H ;5 NH : or C n H,«NH : as the 

I / surface passivant rather than an akylthiol. 

Au panicles with no phase transfer reagent and an alkylamine as the surface passivant 
can be prepared using an akylamine such as C I2 H : <NH2 or CuHj^NH^ as the surface 
passivant rather tham «n akylthiol, and no phase transfer reagent. A small amount of insoluble 
black solid particulate material is generated during the synthesis. This precipitate is removed 

1 5 by filtration of the two-phase system with submicron filter paper. The precipitation of the 
organically-functionalizcd metal nanocrystals then proceeds in the same manner above. 

Ag particles with one phase transfer reagent and an alkylthiol as the surface passivant 
can be pr e par e d using an inorganic silver compound such as AgNOj or AgCI0 4 H : 0 as the 
metal s urcc, which, when dissolved in H : 0, yields Ag* as the active metal reagent. 

!0 Pt particles with one phase transfer reagent and an alkylamine as the surface passivant 

can be prepared using an akylamine such as C, 2 H : <Ml : or C,|H J5 NH 2 as the surface 
passivant and an inorganic platinum compound such as H>PtCl ft 3H : C) as the metal source. 

which, w+xm dissolved in H : t>. yields PtCl 4 : as the active metal reagent 

Pd panicles with one phase transfer reagent and an alkylamine as the surface passivant 
!5 can be prepared using an akylamine such as C i: ll : «NII : or C U H U NH : as the surface 

passivant and an inorganic palladium compound such as Na : PdCl fe 4MX) as the metal source. 

which, when dissolved in H.O. yields PJO f / : as the active metal reagent 

t\i Au allo\ panicle* with two pluixr transfer reagents and an akslthio! as the surface 

paitivaiit can be prepared a* follow % 
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An inorganic cobalt compound (here CoCU H : 0) is dissolved in H : 0 to generate a 
solution containing Co* 2 as the active metal reagent Co** is phase transferred from H 2 0 into 
an organic phase such as toluene using an excess of a phase transfer reagent or catalyst such 
as (QH 5 ) 4 BNa. The aqueous layer is removed and the organic layer is washed with H 2 0 
An inorganic gold compound such as HAuCI 4 is dissolved in H : 0 to generate a solution 
containing AuCI 4 as the active metal reagent. AuCI 4 is phase transferred from H : 0 into an 
organic phase such as toluene using an excess of a phase transfer reagent or catalyst such as 
N(C g H i7 ) 4 Br. The aqueous layer is removed and the organic layer is washed with H 2 0. The 
two organic solutions are combined to form a mixture of Co*" and AuCI 4 . A stoichiometric 
amount of an alkylthiol such as C12H25SH dissolved in toluene is added to the organic 
mixture. Excess reducing agent such as NaBH 4 is dissolved in H 2 0, added to the organic 
mixture with rapid stirring, and allowed to continue to stir for several hours. The aqueous 
layer is removed and discarded The organic layer is passed through submicron filter paper 
(no material is removed, and all color passes through the filter paper). The organically- 
functionalizcd alloy nanocrystals are precipitated using an alcohol solution such as ethanol 
kept at low temperature. The filtrate is washed with this same alcohol. The particles are re- 
dissolved in an organic solvent such as toluene* rc-precipitatcd, and re-washed. The particles 
are finally re -dissolved in an organic solvent such as hexane or toluene. 

Solubilization of organically- functional ized nanocrvstals in aqueous media can be 
accomplished as follows. 

The nanocrvstals arc first prepared according to one of the synthetic schemes 
described above. A concentrated solution (e.g.. 6 mg/ml) of the particular nanocrystals is 
prepared in an organic solvent such as hexane to yield an intensely-colored (e.g., purple 
brown, etc.) solution. A separate solution consisting of a specific weight % of a soap or 
detergent molecule in aqueous media is prepared. The term "soap" or "detergent" is general 
here and is taken to mean any molecule that has a polar (hydrophilic) ionic region and a 
nonpolar (hydrophobic) hydrocartion region (e.g., a fatty acid, an alkali metal alkane 
sulfonate sail, etc ) When dissolved in aqueous media under the appropriate conditions, 
these soap* and determents uill form structures called micelles A micelle :s basically any 
water -soluble a^grc^atc. spontaneous!) and re\ctsihl> formed from amphiphilc molecules 
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These aggregates can adopt a variety of three-dimensional structures (e.g., spheres, disks, 
bi layers, etc.) in which the hydrophobic moieties are segregated from the solwnt by self- 
aggregation. If the hydrophobic portion of the amphiphile is a hydrocarbon chain, the 
micelles will consist of a hydrocarbon core, with the polar groups at the surface serving to 
5 maintain solubility in water. A nonpolar substance is solubilized in the hydrophobic region 
of these micelle structures. This is precisely the mechanism by which the soap or detergent 
solution the organicaJly-functionalizcd nanocrystals. A known amount of the nanocrystal 
solution is added to a known amount of the colorless soap solution, resulting in a two-layer 
mixture This mixture is stirred vigorously for a period of at least 12 hours The color of the 

10 organic solution is transferred to the soap solution, and this signifies the solubilization of the 
metal nanocrystals in the aqueous media. The result is an intensely-colored single-layer 
solution containing a small amount of bulk metal that precipitates during the solubilization 
process. This metal precipitate is removed by filtration with submicron filter paper. The entire 
above procedure can be repeated several times in order to repeatedly increase the 

1 > concentration of the metal nanocrystals in the aqueous media. 

One example of a potential application of these materials concerns metal-doped 
matrices such as metal-doped polymer films. Thin polymer films for exmaplc containing a 
high weight percent of metal particles may provide a route to materials with a unique 
combination of mechanical, dielectric, optical, electric, and even magnetic properties. 

20 However, narrow particle size distributions, coupled with uniform distribution of the particles 
throughout the polymer film is necessary' to make these properties microscopically uniform 
throughout a macroscopic film. Fabricating such a film would involve preparing 
polymer/solvent/particle solutions with relatively high and adjustable particle/polymer weight 
ratios and with the particles existing as monodisperse entities in the solution. The 

25 polymer/panicle thin film could then be prepared from the solution through various standard 
spin-coating or evaporation techniques. Other suitable matrices include sol-gels, alumina, 
and glassy carbon. 



intimate!) depend on the nuclcation and growth of small siUcr particles l or example, small 



A second example of a potential application of these materials deals with using silver 
particles in rcprographs There arc a number of reprographic processes which ha\ e stages thai 
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silver panicles form the amplification (latent imago center in conventional photographic 
processes. This latent image center, formed by the action of light on silver halidc crystals, 
acquires catalytic properties that enable it to trigger the reduction of the entire silver halidc 
crystal to metallic silver by the reducing agent of the developer. For this process, uniform 
particle size distributions lead to uniform film quality, and small particle sizes lead to 
enhanced film resolution. Also, since gold is frequently used in small quantities as a 
sensitizer for photographic emulsions, the Au panicles may be applicable here as well. 

A third example of a potential application of these materials pertains to chemical 
catalysis. In catalytic processes, the size and morphology of the particle is often of great 
concern as it determines catalytic reactivity and selectivity. Organically- functional ized 
lianomcicr-scalc particles of catalytically-activc metals have extremely high surface areas (a 
large number of catalytically active sites per panicle) and unique size-dependent chemical 
behavior which enables their application as highly selective catalysts in a variety of 
homogeneous and heterogeneous catalytic processes from petroleum cracking to polymer 
synthesis- The Pt Pd. and Ag particles arc applicable here. 

Other examples of potential applications include the use of these nanocrystals as 
functional units in innovative micro and nanoelectronic devices. These applications are based 
on the idea that two- and three-dimensional close-packed ordered arrays (superiatticcs) of 
these nanocrystals will exhibit novel electronic properties dominated by single electron 
phenomena, due to the quantum confined electronic properties of the individual particles as 
well as their collective coherence effects. 

The following examples illustrate specific embodiments of the presnt invention. In 
the following examples all reactions were performed at room temperature, ambient pressure, 
and ambient atmosphere. 

EXAMPLE 1 

(a) ISO mg (.380 mmo!) of HAuCI 4 • 3HX)> was dissolved by itimnc in 25 mL of 
lionized water to yield a clear, yellow solution. 

ib) 0 365g i 667 mmoli of NU\H r )< Hr (i va.i, diw»lwJ H\ sunm*- in 2> ml. of 
toluene to v icl J a clear solution and then added to the rapidl> Niirnn^ aqueous *»iulion ol the 
Au salt (volution (all An immediate luo-iaxcr %cpjrat:<m rcMjjieJ. with jji or ar.^v organic 
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phase on top and an orange-tinted aqueous phase on the bottom, llus mixture is vigorously 
stirred until all color disappeared from the aqueous phase indicating quantitative transfer of 
the AuCI 4 moiety into the organic phase; 

(c) 0.0190 g (.0226 ml; .108 mmol) of C, 0 H :J SH was placed in 25 mL of toluene and 
5 then this mixture was added to the rapidly stirring two-phase mixture from (a) and (b); 

(d) 0.151 g (4.00 mmol) of NaBH 4 was dissolved in 25 mL of deionized water to yield 
an effervescent, cloudy solution and then this mixture was added to the rapidly stirring 
mixture from (a), (b). and (c) There was an instant color change of the organic phase to 
black brown and then quickly ( 1 minute) to dark purple After 10 minutes, the aqueous layer 

10 became clear and colorless The reaction was continued at room temperature and room 
pressure (kept open to ambient atmosphere) for * 1 2 hour while rapidly stirring. Once the 
reaction time was finished, the aqueous phase was separated and discarded, and the dark 
purple organic phase was reduced in volume to * 5 mL by rotary evaporation To this 5 ml 
toluene/particle solution was added 350 mL of methanol and this mixture was cooled to 

15 -60°C for twelve hours. The dark purple/black precipitate was then vacuum filtered using 
0.65 \ur. nylon filter paper, washed with an excess of methanol (200 ml), and dried on a 
vacuum line to give * 60 mg of dry product. This 60 mg of particles was re-dissolved in 50 
ml of toluene, re-prccipttatcd. and re-washed by the procedure described just previously, to 
yield 40 mg of dry product The particles were finally either stored as a powder in the freezer 

20 or at room temperature, or they were re-dissolved in a preferred amount of an organic solvent 
(e.g., hexanc, toluene, chloroform, etc.) to yield a solution with a concentration ranging from 
1 -30 mg/ml. These solutions were either stored in the freezer or at room temperature. 

The nanoparticles were characterized by the following; (a) X-ray diffraction (XRD): 
This characterization, performed on a powder of the particles, showed that the panicles wtrre 

25 crystalline with diffraction peaks like those of fee Au (except for the broadening at finite 
size) The main reflections w*re: (1 1 1) at 2B - approx M 6\ (31 h at 2H - approx. 38 2*. 
(200) at 20 - approx. 44 4\ (220) at 2B = approv 64 6\ (31 ! ) at 2W s approx 77.5°. (222) 
at 2H - approx 81 8 Ak), usinfc: diffraction peak hnc-width hroadct...i£. the- average 
domain *i/c was determined to he 7o : 1 -\. thi f lira\ioioi-\ isiMc Npc<;tri»Ncp\ ilA' msi 

<<) lhi\ characterization, pertormcd on dilute hcxanc or toluene noIwiioiin » ' the n.inopanu lev 
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showed one main, brood absorption feature al - 521 nm; (c) infrared spectroscopy (IR) 
This characterization, performed on a film of solid panicles that were deposited on an NaCl 
window by evaporation of sev eral drops of a particlc/hexane solution, showed the standard C- 
C and OH stretches, as well as those for the thiol group. The stretches were in the regions of 
5 2950-2750 cm* 1 , and 750-650 cm '; (d) Nuclear magnetic resonance spectroscopy fNMRV 
This characterization, performed on concentrated particleCDCl 3 solutions (10 mg/ml). 
showed three broad multipleu at ft - 1.50. 1 30. and .90 ppm. with intensities ot roughly 
2:2: 1 . These peaks are superimposed on a fourth, very broad signal in the range of £ ~ 2.1 - 
.60 ppm, (0 Transmission electron miscroscopy (TEM): This characterization, performed on 

10 samples p re par ed by evaporating a drop of a dilute panic le>hexane solution onto an 
amorphous carbon-coated Cu TEM grid, yielded TEM micrographs of the particles which 
indicated that the particles were predominantly spherical in morphology, that they were 
present with a broad size distribution ( a * 20 %). and that the average domain size was * 65 
A; (g) X-ray photoelectron spectroscopy (XPS) This characterization, performed on a 

!5 uniform film of nano particles (several micrometers thick) supported on nylong filter paper, 
showed the appropriate signals for gold (5p^. 4f TO , 4f 5/> 4d 5 > 4d^, and 4p^ ? at * 59, 84. 
87. 336. 355. and 548 cV. respcctivcl> ). carbon ( Is at * 285 3 eV). and Oxygen ( Is at * 53 1 .8 
eV). Also observed were signals for Br (3p^ peak at 183.5 cV. 3p^ peak at 189 5 C V. and 
3d peak at * 68.0 ev). The peak positions, line shapes, and peak -to- peak distance of the Au 

20 4f doublet arc the standard measure of the gold oxidation state The gindtng energies for the 
Au 4f doublet are 83.5(3) and 87.2(3) cV (pcak-to-peak distance of 3.7 eV) These 
measurements arc consistent with the Au° oxidation state: <h) IHemcntal analysis (KAr The 
analyses yielded 77 C*%Au, 2.99% S. 2.86 "oil. and 17.14 CV The corresponding Au: S 
molar ratio of the nanoparticlcs was 4.20 1. and the C li and C S ratios arc those of neat 

25 decanethiol, within experimental uncertainties, <i) Differential scanning ealonmetrj (DSC I 
This characterization, performed on a 6 mg sample (dry powder) of nanoparticlcs. showed a 
broad, endothermic transition beginning at * 95° ( and peaking at I 20 J C i 1 8 J g) . (j » 
I hcnnogravi metric anal>MS < iCiA) ITiin kharatfcri/Jtion. pcrlonm-d on .i < mg sample i Jr. 
powden of iuuu»pan:c lev thowed a maxim.ii r.iU* ol weight K»n .it .»ppro\ tr.alcU 2**' C 

»n I Ijc total weight Ionn ujn lnund to he ccmmnIcmi with the total .i:uo:;i.i <<: rinded t h Miui^ 
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I 1 

found by elemental analysis, <k> Solubility tests, Ibis characterization, performed on dry 
powder samples of nanopaniclcs yiedlcd excellent solubility in hevane. toluene, chloroform, 
dichloromethone. pyridine, ben/ene. and several other organic soUents. Maximum solubility 
was found to be in the range 20 - 30 mg ml. 

EXAMPLE 2 

U> 112 mg (.284 mmol) of HAu0 4 3H : 0 (M was dissolved by stirring in 25 mL of 
dcionirrd water to yield a clear, yellow solution; 

<b) 0 363 g (.666 mmol) of NrCVItT^Br^ was dissolved by stirring in 25 mL of 
toluene to \ield a clear solution and then added to the raptdl> -stirring aqueous solution of the 
Au salt (solution (a)) An immediate two-layer separation resulted, with an orange red organic 
phase on top and an orange-tinted aqueous phase on the bottom This mixture is vigorousN 
suited until all color disappeared from the aqueous phase, indicating quantitative transfer of 
the AuCl 4 moiety into the organic phase; 

(c) 0 574 g (3.10 mmol! of C, 2 H : «NHa 5l (dodecy lam:ne> was placed in 25 mL of 
toluene and then this mixture was added to the rapidly stirring two-phase mixture from (a> & 
(b). UpMi the addition of this solution, the aqueous layer immediately became beige murky 
white; 

(d> 0.165g (4 86 mmol) of NaBH 4 was dissolved in 25 mL of deionzacd water to yield 
an effervescent, cloudy solution and then this mixture was added to the rapidly stirring 
mixture from (a). (bh and (c). There was an instant color change of the organic phase to 
blacLbrown and then quickly (1 minute) to dark purple. After 10 minutes, the aqueous layer 
became clear and colorless The reaction was continued at room temperature and room 
pressure (kept open to ambient atmosphere) for * 12 hour while rapidly stirring Once the 
reaction time was finished, the aqueous phase was separated and discarded, and the dark 
purple organic phase was reduced in volume to * 5 mL b\ rotary e\aporation To this 5 mi 
u>Iuene;panicle solution was added 350 mL of methanol and this mixture was cooled to -60° 
C for tweUc hours The dart purple block precipitate was then vacuum filtered using 0 65 
;im nslon filter paper, washed with an excess of methanol i2«Xt ml i and dried on a vacuum 
line to fc?i\c * mi m- of dr> product I in- '«> mg oi p.tnu io ain Ji^oUeJ m 5n in! or 
toluene. ie-pfCwip:U - .ed. and re*ua>hc\! K the procedure Je^ riK\! niv ;vc\ i»ujm\ to \ iclJ t« 1 




i: 

mg of dry prcxluc: The panicles were finally either stored a> a powder in the freezer or at 
room temperature, or they were re-dissolved in a preferred amount of an organic solvent (eg. 
hexane. toluene, chloroform, etc.) to weld a solution with a concentration ranging from 1-30 
mg -ml. These solutions were either stored in the freezer or at room temperature When stored 
5 as powders at room temperature, the particles exhibit a certain degree a mctastabilny That is. 
the particles are unstable with respect to particle aggregation and quickl> lose their solubility 
over a matter of a few days 

The nanopanicles were characterized b> the following <a) \-ra> diffraction <XRD) 
This characterization, performed on a powder of the particles showed that the panicles were 

10 crystalline with diffraction peaks like those of fee Au (except for the broadening at finite 
size) The main reflections were: (111) at 20 approx 38.2°. <2<Xh at (-> - approx 44 4 C . 
(220i at 2B approx. 64.6°. (31 1) at 20 = approx. 77.5°. (222) at 2H - approx 81 Sv Also, 
using diffraction peak line-width broadening, the average domain si/e was determined to be 
26 ± 3 A: (b> Ultraviolet-visible spectrscopy (UV vis): This charactenzation. performed on 

15 dilute hexane or toluene solutions of the nanopanicles. showed one mam. broad absorption 
feature at = 517 nm; (c) infrared spectroscopy (1R): This characterization, performed on 
a film of solid particles that were deposited on an NaCI window by evaporation of several 
drops of a particlchcxanc solution, showed dodecy lamine bands in the regions from * 3310- 

2<>O0 cm'fN-H stretch). * 3000-2850 cm 1 (C-H aliphatic stretch). * 1700- 1 300 cm*' (N-H 
20 hand a 1600 cm" 1 and CH : scissor a' 1450 cm* 1 ). * IMmi-1050 cm 1 iC-N stretch), and * 
900- 7(X) cm' 1 (N-H wag): id) Nuclear magnetic resonance spectroscopv iNMKi This 
charactenzation. performed on concentrated particle * C IK' 13 solutions do mg mil. showed 
three broad multiples at S _ 1 5e>.1.35. and 85 ppm. with intensities of roughlx 2 2 1 llicsc 
peaks are superimposed on a fourth. \ery broad signal in the range of iS • 2 <* - 5o pp. (e) 
25 Mass spectroscopy (MS): Ihis characterization, performed on >o!id sampie . >howed the 
t\pical fragmentation pattern of straight -cham pnmun amines as well a* molecular ion pe*ik>> 
of the amines MS < Au k dodec\ lamtncj.m e <%). 3iMl0<> J «..i Ml.! iNf 4%» 

((' |{ -N) , C» I ra.i*nii*Mon electron nucro\cop\ ■!! M !::> Jur . !**r i/.r.;. iv^rnicJ 
on \j:nplc^ prepared b\ evaporating a drop or .i v! : 1 p.ir'.u L* "e\.me *.\ .m 

.imorpr:nu* c jrN »r.-coated C i. I I M v leUeJ !i M • • * > . amu! 
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indicated thai the panicles were predommantK sphcncaJ in morpholog>. ihat the> were 
present with a broad si/e distribution in * 20 %). and that the average domain size was * 30 
A. (g> X-ra> photoelectron spectroscopy (XPS) This characterization, performed on a 
uniform film of nanoporucles (several micrometers thick) supported on n>lon filter paper. 
5 showed the appropnate signals for gold ( 5p-, : 4f. : 4f« : 4d< : 4d; 7 and 4p ;: j: * 59. 84. 87. 
336. 366. and 548 eV. respectively >. carbon < ! s ai * 2S5 3 e\». and ()\>gen < Is at % 531 8 
eYi Also observed were signals for Br (3p }r peak at 183 5 eV. 3p : peak at I 89 5 c\\ and 
3d peak a: * 68 0 c\ I. The peak positions. line shapes, and pcak-to-pcak distance of the Au 
4f double: are the standerd measure of the gold oxidation state lhc binding energies for the 
10 Au 4f doublet are 83.5(3) and 87.2(3) cV (peak-to-peak distance of 3 7 eV) These 
measurements are consistant with the Au" oxidation state. (h» Hemental onal\vi> (UAi The 
analyses yielded 8<U2 Au. 7Q \\ 2.00 H. and 9 20 *• C The corresponding Au N 
molar ratio of the nanoporticles was 7.9:1. and the CMI and C N ratios are those of neat 
dodecy iamme. within experimental uncertainties. <u Differentia! scanning calonmetry 
!5 (DSC I: This characterization, performed on a 7 m g sample tdr> powder i of nanoporticles. 
showed a broad, exothermic transition*** extending from * 50 C C" to 1 3<> 9 L\ which includes 
a relatively sharp endothermic feature centered at <*) 'C (7 J gi_ o )Thcrmogravimetnc 
analysis (TGAl: This characterization, pcrforr ed on a 5 mg sample (dr> powder I of 
nanoporticles. showed a maximal rale of weight lo** at opproximatcK 250 V The totaJ 
20 weight loss was found to be consistent with the total amount of bonded kgands found b> 
elemental analysis. (kl Solubility tests This characterization, perlormed on dr> powder 
samples of nonopariicle* \ielded exceller.i volubih!> in he vane, toluene chloroform, 
dichloromcthane. pyridine, ben/ene. and se\cTjl other I't^anic %ol\eni* Maximum %oluhiln> 
was found to be in the range of 22 - 30 mg ni! 



ITte process of I X.WWl L 2 wj* repeated ever;*! that no ph-i^r rej-en: 
uvrJ J nmioII amount i»f 'insoluble hljck-Nolu* :\tr!:* u'.iv itM\*f:.i! v jc:wt.i:z ' v.rinj the 
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phase was then separated and discarded, and the dark-purple organic phase was reduced in 
volume to a 5 mL by rotary evaporation. The particles were then precipitated, re- 
precipitated, and stored in the manner described in EXAMPLE 2. 

Particle composition, size, and properties may be varied by means of the following 
5 changes: the variation of the metal precursor used, the variation of phase transfer reagents 
used or their omission from the synthetic procedure, the variation of one or more surface 
passivants used, the variation of the reducing agent used, or the variation of some of the 
reactant molar ratios, or any combination thereof. 

The nanoparticles were charactarized by the following: 
) (a) X-ray diffraction (XRD): This characterization, performed on a powder of the particles, 
showed that the particles waee crystalline with diffraction peaks like those of fee Au (except 
for the broadening at finite size). The main inflections were: (111) at 2© = approx. 38.2°, 
(200) at 20 = approx. 44.4°, (220) at 20 = approx. 64.6°, (31 1) at 20 = approx. 77.5° (222) 
at 20 = approx. 81.8°. Also, using diffraction peak linc-widthi broadening, the average 
? domain size was determined to be 55 ± 7 A; (b) Ultraviolet-visible spectroscopy (UV/vis): 
This characterization, performed on dilute hexane or toluene solutions of the nanoparticles, 
showed one main, broad absorption feature at = 525 nm; (c) infrared spectroscopy (IR): 
This characterization, performed on a film of solid particles that were depo c iicd on an NaCl 
window by evaporation of several drops of a particle/hexane solution, showed dodecylamine 
) bands in the regions from * 3310-2990 cm* 1 (N-H stretch), ^ 3000-2850 cm" 1 (C-H aliphatic 
stretch), ^ 1700-1300 cm" 1 (N-H bend @ 1600 cm" 1 and CH 2 scissor @ 1450 cm : ), * 1 100- 
1050 cm" 1 (C-N stretch), and « 900-700 cm" 1 (N-H wag); (d) Nuclear magnetic resonance 
spectroscopy (NMR): This characterization, performed on concentrated particle/CDC13 
solutions (10 mg/ml), showed three broad multiplets at 5 1.54, 1.32, and .85 ppm, with 
; intensities of roughly 2:2:1. These peals arr superimposed on a fourth, very broad signal in 
the range of 5 2.0 - .50 ppm; (a) Mass spectroscopy (MS): This characterization, performed 
on solid samples, showed the typical fragmentation pattern of straight-chain primary amines 
as well as molecular ion peaks of the amines. MS ( Au x dodecyIamiiK\ I. m/e (%): 30( 100%) [- 
CH 2 NH 2 ]\ 185 (M\ 4%) [C 12 H 27 Nf ; it) Transmission electron microscopy (TKM): This 
' characterization, performed on samples prepared by evaporating a drop of a dilute 
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particlchcxanc solution onto an amorphous carbon/coated Cu TEM grid, yielded TEM 
micrographs of the particles which indicated that the panicles were predominantly spherical 
in morphology, that they were present with a broad size distribution (o * 20 %), and that the 
average domain size was * 50 A; (g) X-ray photoclcctron spectroscopy (XPS): This 
5 characterization, performed on a uniform film of nanoparticles (several micrometers thick) 
supported on nylon filter paper, showed the appropriate signals for gold (5pj~. 4 f7c/*fv2. 
4dy2 4d v: and Ap y7 at * 59, R4. 87. 336, 366, and 548 eV. respectively), carbon (Is at * 
285.3 eV), and Oxygen (Is at % 531.8 cV). Signals for Br Op^ peak at 183.5 cV, 3p l/2 peak 
at 189.5 eV, and 3d peak at * 68.0 cv) were not observed. The peak positions, line shapes. 
10 and pcak-to-pcak distance of the Au 4 f doublet are the standard measure of the gold oxidation 
state. The binding energies for the Au 4f doublet arc 83.5(3) and 87.2(3) eV (pcak-to-pcak 
distance of 3.7 eV). These measurements arc consistent with the Au° oxidation state: (h) 
Elemental analysis (EA): The analyses yielded 90.58 % Au. .75 % N, 1 69 % H. and 9.51 % 
C. The corresponding Au:N molar ratio of the nanoparticles was 8.6: 1 , and the C:H and C:N 
15 ratios arc those of neat dodecylaminc. within experimental uncertainties; (i) Differential 
scanning calorimctry (DSC): This characterization, performed on a 8 mg sample (dry powder) 
of nanoparticles, showed a strong, broad, exothermic transition beginning at % 50 °C with a 
relatively sharp, and relatively endothermic feature peaking near 110°C (4 J/g); (j) 
Thermogravi metric analysts (TGA): This characterization, performed on a 5 mg sample (dry 
20 powder) of nancpartklcs, showed a maximal rate of weight loss at approximately 250°C. 
The total weight loss was found to be consistent with the total amount of bonded ligands 
found by elemental analysis; (V) Solubility tests: This characterization, performed on dry 
powder samples of nanoparticles yielded excellent solubility in hcxane, toluena. chloroform, 
dichloromcthanc, pvridinc, benzene, and several other organic solvents. Maximum solubility 
25 was found to be in the range of 22-30 mg/ml. 

EXAMPLE 4 

(a) 547 mg of (C t H, 7 ) 4 NBr (phase transfer reagent) was dissolved in 10 ml of toluene 
and sonnicatcd for 2 minutes: 

(b) Il ( ) me of CoCN6H : 0 was dissolved in 15 ml of 11 (> h\ sonnication for 15 
>0 minutes. 
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(c) The toluene and aqueous solutions from steps (a) and (b), respectively, were 
combined and stirred together for 15 minutes, which resulted in a blue-colored toluene layer. 
The aqueous phase was then separated from the organic phase and discarded; 

(d) 98 mg of HAuCl 4 was dissolved in 15 ml H 2 0 and then mixed with a 137 mg 
(C 1 H| 7 ) 4 NBr in 20 ml toluene solution. The AuCl 4 ions were transferred from the aqueous to 
the toluene phase (organic Phase color becomes red/orange) and then the aqueous phase was 
separated and discarded; 

(e) The two solutions of metal precursors (1:2 Au:Co molar ratio) in toluene 
(solutions from step (c) and (d)) were merged and stirred for 5 minutes; 

(0 0.36 ml of C| 2 H 25 SH (surface pass i van t) was added to the toluene solution from (e) 
and stirred for 2 minutes. The mixture Uired blue/gray in color, 

(g) A solution of 283 mg NaBH 4 (reducing agent) in 3 ml H 2 0 was added to the 
toluene phase from step (0 and the reaction was allowed to proceed for 6 hours while stirring. 
Then, the black-colored toluene phase was separated from the aqueous phase and rotary 
evaporated down tc 5 ml. TV onwer.^ted solution was put in a freezer for 12 hours and 
then filtered. whi!c cold, to .jmr-c plusc transfer reagent that had crystallized out of the 
organic phase solution. The i :annparticlc*. still dissolved in the organic phase, were then 
precipitated by the addition of 300 ml of methanol. The particles/toleune/rocthanol solution 
was sonnicaied for 10 min and then filtered through 0.2 tun nylon filter paper. The filtrate 
was clear and the particles were black The weight of residue on the filter paper was 41 mg. 
This residue was re-dissolved in 5 ml toluene, and the solution was sonnicatcd for 1 5 minutes 
and filtered. Then, the particles were precipitated again (using 200 ml of methanol) and 
filtered. The weight of the re-soluble, final residue was 20 mg The particles were finally 
either stored as a powder in the freezer or at room temperature, or they were rc -dissolved in a 
preferred amount of an organic solvent (e.g.. hexanc, toluene, chloroform, etc.) to yield a 
solution with a concentration ranging from I -30 rng/ml These solutions were cither stored in 
the frcc/rr or at room temperature 

Hie runoparticlc* were cluracteri/cJ h\ the hilUttting material* characterization 
technique* 
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(a) X-ray diffraction (XRD): This characterization, performed on a powder of the particles, 
showed that the panicles were crystalline with diffraction peaks like those of fee Au (except 
for the broadening at finite size). The main reflections were: (1 1 !) at 20 * approx. 38.2°, 
(200) at 20 * approx. 44.4°, (220) at 20 * approx. 64.6°. (3 1 1 ) at 20 * approx. 77.5°. (222) 
5 at 20 * approx. 81.8°. Cobalt reflections were masked by those of gold. Also, using 
diffraction peak line-width broadening, the average domain size was determined to be 30 ± 5 
A; (b) Ultraviolet/visible spectroscopy (UV/vis); This characterization, performed on dilute 
hexane or toluene solutions of the nanoparticles. showed one main, broad absorption feature 
at = 520 nm; (c) Infrared spectroscopy (IR): This characterization, performed on a film 
10 of solid particles that were deposited on an NaCI window by evaporation of several drops of a 
particle/hcxane solution, showed the standard C-C and C-H stretches, as well as those for the 
thiol group. The stretches were in the regions of 2950-2750 cm' 1 , 1500-1200 cm" 1 , and 750- 
650 cm' 1 ; (d) Transmission electron microscopy (TEM): This characterization, performed on 
samples prepared by evaporating a drop of a dilute particle/hcxane solution onto an 
15 amorphous carbon-coated Cu TEM grid, yielded TEM micrographs of the particles which 
indicated that the particles were predominantly spherical in morphology, that they were 
present with a relatively narrow size distribution (a % 10%), and that the average domain size 
was * 30 A; (e) X-ray, pbocoelectron spectroscopy (XPS): This characterization, performed 
on a uniform film of nanoparticles (several micrometers thick) supported on nylon filter 
!0 paper, showed the appropriate signals for gold (5pj^ 4f wMv*. 4d 5/? 4d^ 7 and 4p J/2 at * 59, 
84, 87, 336. 366. and 548 cV. respectively), carbon (Is at * 285.3 eV). and Oxygen (Is at * 
53 1 .8 eV). The peak positions, line shapes, and pcak-tn-pcak distance of the Au 4f doublet 
arc the standard measure of the gold oxidation state. The binding energies for the Au 4f 
doublet are 83.5(3) and 87,2(3) cV (peak-to-peak distance of 3.7 eV). These measurements 
5 air consistent with the Au oxidation state. Also observed were the signals for cobalt ( 3s at 57 
ev; 2pv2 and 2p tr2 at 779 cv and 794 cv. respectively I and sulfur (2p, ? and 2p, /: at 163 cv and 
164 ev. respectively) An analysis of the XPS data revealed thai the Co Au alloy was 
comprised of about 3% Co and 97% Au, (0 Soluhilit) tents I hi* chojjctcnAJuon. performed 
on dry powder samples of nanoparticlc* yielded excellent »oluhilit\ in hexane, lolucnc. 
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chloroform, dichloromcthanc, pyridine, benzene, and several other organic solvents. 
Maximum solubility was found lo be in the range of 20 - 30 mg/ml. 

EXAMPLE 5 

(a) lOg of DDAB was dissolved in 104 ml of toluene and sonnicated for 10 minutes; 

(b) 119 mg of CoCl^H^O was dissolved in the DDAS/tolucne solution and 
sonnicated for 5 hours to dissolve all of the Co salt in the toluene. The CoClwDDAB/toluene 
solution had a typical cobalt blue color, 

(c) 98 mg HAuCl 4 was dissolved in 15 ml H : 0 and mixed with a 137 mg 
(CjH, 7 ) 4 NBr in 20 ml toluene solution. The AuCL, ions were transferred from the aqueous to 
the toluene phase (organic phase color becomes red/orange) and then the aqueous phase was 
separated and discarded; 

(d) The two solutions (from steps (b) and (c)) of metal precursors (1:2 Au:Co molar 
ratio) in toluene were merged and stirred for 5 minutes. The solution had a dark green colon 

(e) 0.18 ml of C^H^SH (surface passivant) was added to the toluene solution from 
(d) and stirred for 2 minutes. The solution turned blue again; 

(0 A solution of 2S3 mg NaBll, (reducing agent) in 3 ml H : 0 was added to the 
toluene phase resulting from step (a), and the reaction was allowed to proceed for 5 hours 
while stirring. After 5 hours of reaction time, the toluene phase was diluted with 200 ml a 
toluene and washed with 500 ml of HjO. A viscous, white DDAB /water emulsion was 
formed and allowed to precipitate out of the thiol-cappcd Au/Co particles/toluene solution. 
The Mack particle/toluene solution was then separated and rotary evaporated to a 
concentrated 10 ml solution. 500 ml of methanol was then added to precipitate the particles. 
The pariiclcs/toluene/methanol solution was sonnicated for 30 min and then filtered through a 
0.2 jim nylon filter paper. The filtrate was clear and the panicles were black. The weight of 
residdue on the filler paper was 69 mg. The residue was rc -dissolved in 100 ml of toluene by 
sonnication for 1 5 minutes and the solution was then filtered. 3 1 mg of the residue were not 
dissolved. The toluene solution was rotary evaporated down to 5 ml and the particles wrre 
precipitated a^am h\ addition of ."UK) nil of methanol and 1^ minute* vonnicafion After 
filtering the wctyht of the resoluble, final residue wa* 2\ t\\$ 1 he panicles were final l\ 
either timed a% j powder in the frec/cr or ji nmm lempcratuie. or tfv\ wcte rc-diwlvcJ m a 
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preferred amount of an organic solvent (e.g.. hcxanc. toluene. chJorofomi. etc.) to yield 
solution with a concentration ranging from 1-30 mg/ml. These solutions were cither stored in 
the freezer or at room temperature. 

The nanopariicles synthesized by the above procedures were characterized by the 
following materials characterization techniques: 

(a) X-ray diffraction (XRD): This characterization, performed on a povvd.T of the panicles, 
showed that the particles were crystalline with diffraction peaks like those of fee Au (except 
for the broadening at finite size). The main reflections were. (1 1 1) at 20 - approx. 38.2*. 
(200) at 20 - approx. 44 4°. (220) at 20 - approx. 64 6°. (31 1 ) at 20 = approx. 77.5°. (222) 
at 20 - approx. 81.8'. Cobalt reflections were masked by those of gold Also, using 
diffraction peak line-width broadening, the average domain size was determined to be 1 5 ± 2 
A; (b) Ultraviolet-visible spectroscopy (UV/vis): This characterization, performed on dilute 
hcxanc or toluene solutions of the nanopariicles. showed one main, broad absorption feature 
*» - 51 7 nm: (c) Infrared spectroscopy (IR): This characterization, performed on a film 
of solid particles that were deposited on an NaCl window by evaporation of several drops of a 
panic levhexane solution, showed the standard C-C and C-H stretches, as well as those for the 
thiol group. The stretches were in the regions of 2950-2750 cm '. 1500-1200 era* 1 , and 750- 
450 cm' 1 : (d) Transmission electron microscopy (TEM): This characterization, performed on 
samples preppared by evaporating a drop of a dilute panicle/hexane solution onto an 
amorphus carbon/coated Cu TEM grid, yielded TEM micrographs of the particles which 
indicated that the particles were pccdominently sphericaal in morphology, that they were 
present with a relatively narrow size distribution (o * 7%). and that the average domain size 
w»s * 1 5 A; (c) X-ray photoclectron spectroscopy (XPS): This characterization, performed on 
a uniform film of nanopariicles (several micrometers thick) supported on nylon filter paper, 
showed the appropriate signals for gold (5pv; 4f T/J 4f,. ; 4d $/ , 4d, : and 4p, , at « 59. 84. 87. 
336. 366. and 548 cV. respectively), carbon (Is at * 285.3 eVi. and Oxygen (Is at • 531 8 
cV). The peak poriuons. line shapes, and pcak-lo-pcak distance of the Au 4f doublet are the 
standard measure of the gold oxidation state The binding energies tor the Au 4! doublet are 
K! 5( 1 1 and K7 2( 3 > cV (peai-lo-ocA distance of » 7c\'i I hoe measurements are consistent 
with the Au" oxidation stale Also ohscrved uerc the signals !.>i mbal! < »s at s " e\ . 2\\ . and 
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2p, ;7 at 779 ev and 7<M ev. respectively) and sulfur (2p J/? and 2p lr2 at 163 ev and 164 ev, 
respectively). An analysts of the XPS data revcaJed that the Co/Au aJloy was comprised of 
about 2% Co and 98% Au; (0 Solubility tests: This characterization, performed on dry 
powder samples of nanoparticles yielded excellent solubility in hexane, toluene, chloroform, 
dichloromcthanc, pyridine, benzene, and several other organic so I van ts. Maximum solubility 
was found to be in the range of 20 - 30 mg/mJ. 

EXAMPLE 6 

(a) Dodecanethiol-functionalized Ag nanocrystals (average domain size of 3 nm) were 
first prepared according to the procedure of EXAMPLE I. except that AgN0 3 was used as the 
metal source and dodecanethiol was used as the thiol; 

(b) A 6 mg/ml solution of the Dodecanethiol-functionalized Ag nanocrystals was 
prepared by dissolving 24 mg of particles in 4 ml of hexane to yield an intensely-colored 
(dark brown) solution; 

(c) A separate solution (micelle solution) consisting of 20 g of sodium dodecylsulfate 
(SDS) dissolved in 300 ml of deionized H 2 0 was prepared. This yielded a 6.25 weight 
percent solution of SDS in H 2 0; (d) 1 ml of the 6 mg/ml Ag paiticlc/hcxanc solution was 
added to 20 ml of the 6.25 weight percent solution of SDS in H 2 0 resulting in a two-layer 
mixture (organic layer on top and aqueous layer on the bottom). This mixture was stirred 
vigorously for a period of 6 hours. The dark-brown color of the organic solution is transferred 
to the aqueous micelle solution to yield an amber-colored single phase system (no two layar 
separation exists anymore). This signifies the solubilization of the metal nanocrystals in the 
aqueous media. As a by-product of this solubilization procedure, a small amount of bulk 
metal precipitates. This metal precipitate was removed by filtration with .65 micron nylon 
filter paper to yield I rag of black* insoluble particulate material. The entire above procedure 
was repeated several limes in order to increase the concentration of the metal nanocrystals in 
the aqueous media. A concentration of .10 mg/mi (.01 wt. % Ag) was ultimately achieved 
here. 

llic aqueous solutions of nanoparticles were characterized h\ the following 
technique);: (a) L'ltraviolct-visiblc spectroscopy (UV \ is) This characterization, performed on 
dilute particle/hexane'SDS watar solutions, showed one main, broad absorption leaturrc al 
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'*tw = 450 nm <this represents the characteristic optica] signature of monodisperse silver 
colloids); (b) Transmission electron microscopy (TEM): This characterization, performed on 
samples prepared by evaporating a drop of a dilute partide/hexane'SDS/ water solution onto 
an amorphous carbon-coated Cu TEM grid, yielded TEM micrographs of the particles which 
indicated that the particles were present with the same structural properties (e.g., shape, size, 
and size distribution) as those of the original dodecanelhiol/ftinctionalized Ag nanocrystals 
used for solubilization. Specifically, this analysis showed that the particles were 
predominantly spherical in morphology, that they were present with a relatively narrow size 
distribution (a * 1 0%). and that the average domain size was - 30 A. 

EXAMPLE 7 

(a) 225 mg (,510 mmol) of H 2 PtCl g 5H : 0 <6) was dissolveed by stirring in 25 mL of 
deionized water to yield a clear, orange-yellow solution; 

(b) 0.620 g (1.13 mmol) of N(C f H, 7 ) 4 Br, g , was dissolved by stirring in 25 mL of 
toluene to yield a clear solution and then added to the rapidly-stirring aqueous solution of the 
Pt salt (solution (a)). An immediate two-layer separation resulted, with an orange/red organic 
phase on top and an orange-yellow (tinted) aqueous phase on the bottom. This mixture is 
vigorously stirred until all color disappeared from the aqueous phase, indicating quantitative 
transfer of the PtCl*" 2 moiety into the organic phase; 

(c) .095 g (.511 mmol) of C I2 H 25 NH 2(6) (dodecylamine) was placed in 25 mL of 
toluene and then this mixture was added to the rapidly stirring two-phase mixture from (a) 
and (b). Upon the addition of this solution, the aqueous layer immediately became 
beige/white; (d) 0.212 g (5.61 mmol) of NaBH 4 was dissolved in 25 mL of deionized water to 
yield an effervescent, cloudy solution and then this mixture was added to the rapidly stirring 
mixture from (a), (b) and (c). There was an instant color change of the organic phase to 
black/brown and then quickly (1 minute) to dark brown After 5 minutes, the aqueous layer 
became clear and colorless. The reaction was continued at room temperature and room 
pressure (kept open to ambient atmosphere) for * 12 hour while rapidly stirring. Once the 
reaction time was finished, the aqueous phase vxas separated and discarded, and the dark- 
brown organic phase was rduced in volume to * 5 ml. by rotarx evaporation To this 5 ml 
tolune/paniclc solution was added 350 ml of methanol and this mixture vsas cooled to -60 J C 
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for twrlvc hours The dark-brown precipitate was then vacuum filtered using 0 65 yim nylon 
filler paper, washed with an excess of methanol (220 ml), and dried on a vacuum line to give 
* 55 mg of dry product This 55 mg of particles was re-dissolved in 50 ml of toluene, 
re -precipitated, and re- washed by the procedure described just previously, to yield 47 mg of 
5 dry product. The particles were finally either stored as a powder in the freezer or at room 
temperature, or they were re-dissolved in a preferred amount of an organic solvent (e.g., 
hexane. toluene, chloroform, and the like) to yield a solution with a concentration ranging 
from 1 -30 mg/ml. These solutions were cither stored in the freezer or at room temperature. 
The nonoparticles characterized by the following: 
10 (a) X-ray diffraction (XRD): This characterization, performed on a powder of the particles, 
showed that the particles were crystalline with diffraction peaks like those of ftc Pt (except 
for the broadening at finite size). The main reflections were: ( 1 1 1 ) at 2B m appro x. 38.2°, 
(200) at 20 approx. 44.4°. (220) at 20 - approx. 64.6°, (31 1) at 20 * approx. 77.5°, (222) 
at 20 = approx. 81.8°. Also, using diffraction peak line-width broadening, the average 
15 domain size was determined to be 30 ± 4 A; (b) Ultraviolet-viswiblc spectroscopy (UV/vis): 
This characterization, performed on dilute hexane or toluene solutions of the nanoparuclcs, 
did not show an absorption feature in the visible spectrum between 300 - 800 nm (this is as 
expected because Pt is not a 'one-electron* metal); (c) infrared spectroscopy (IR): This 
characterization, performed on a film of solid particles that were deposited on an NaCl 
20 window by evaporation of several drops of a particle/he xanc solution, showed dodecylamine 
bands in the regions from * 3310-2990 cm" 1 (N-H stretch). * 3000-2850 cm 1 (C-H aliphatic 
stretch), * 1700-1300 cm' 1 (N-H bend @ 1600 cm 1 and CH : scissor <i 1450 cm '). * 1 100- 
1050 cm' 1 (C-N stretch), and * 900-700 cm 1 (N-H wag); (d) Nuclear magnetic resonance 
spectroscopy (NMR): This characterization, performed on concentrated particle CDC13 
!5 solutions (10 mg/ml). showed three broad muJtiplets at & * 1.56. 1.34, and .87 ppm. with 
intensities of roughly 2:2:1 . These peaks are superimposed on a fourth, very broad signal in 
the range of A * 2.1 - .55 ppm, (e) Transmission electron microwop\ (TEM) This 
characterization, performed on samples ptcparcJ b> evaporating j drop of a dilute 
partjclc/hcxanc solution onto an amorphous carbon -coated lu II A! ynJ. welded II M 
*0 micrographs of the particle* vthich mdicateJ ilut the particles were predominant^ spherical 
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in morphology, lhat they were present with a relatively narrow size distribution (ct = 15%), 
and thai the average domain size w^ls * 26A; (0 Solubility tests: This characterization, 
performed on dry powder samples of nanoparticles yielded excellent solubility hexanc, 
toluene, chloroform, dichloromethane, pyridine, benzene, and several other organic solvents. 
5 Maximum solubility was found to be in the range of 25-30 mg/ml. 

EXAMPLE 8 

<a) 197 mg (.450 mmol) of Na : PdCI|4H 2 0, f) was dissolved by stirring in 25 mL of 
detonized water to yield a clear, gray/black solution; 

(b) 0.494 g (.900 mmol) of N(C I H, 7 ) 4 Br (g) was dissolved by stirring in 25 mL of 
10 toluene to yield a clear solution and then added to the rapidly-stirring aqueous solution of the 

Pd salt (s lution (a)). An immediate two-layer separation resulted. This mixture is 
vigorously stirred until all color disappeared from the aqueous phase, indicating quantitative 
transfer of the PtCl, 0 moiety into the organic phase (black): 

(c) .086 g (.465 mmol) of C, : H 25 NH 2 {t} (dodecylamine) was placed in 25 mL of 
5 toluene and then this mixture was added to the rapidly stirring two-phase mixture from (a) & 

(b). Upn the addition of this solution, the aqueous layer immediately became beige/ white; 

(d) 0.171 g (4.52 mmol) of NaBH4 was dissolved in 25 mL of deionized water to yield 
an effervescent, cloudy solution and then this mixture was added to the rapidly stirring 
mixture from (a), (b), and (c). There was an instant color change of the organic phase to dark 

0 Mack. After 5 minutes, the aqueous layer became clear and colorless. The reaction was 
continued at room temperature and room pressure (kept open to ambient atmosphere) for * 12 
hour while rapidly stiring. Once the reaction time was finished, the aqueous phase was 
separated and discarded, and the dark-black organic phase was reduced in volume to * 5 mL 
by rotary evaporation. To this 5 ml toluene particle solution was added 350 mL of methanol 

5 and this mixture was cooled to -60°C for twelve hours. The dark-black precipitate was then 
vacuum filtered using 0.65 Mm nylon filter paper, washed with an excess of methanol (200 
mlK and dried on a vacuum line to gi\e * 50 mg of dry product This 50 mg of particles was 
re-dittolved in 50 ml of toluene. rc-precipitated, and re-washed h\ the procedure described 
just previously, to yield 3^ of dr> product The particles were hiull> cither stored as j 

0 powder in the freezer or at room lemperaiuic. or thc\ were re-dissohed in a preferred amount 
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of an organic solvent (e.g.. hcxanc. chloroform, etc.) to yield a solution with a concentration 
ranting from 1 30 mg'ml These solutions were cither stored in the freezer or at room 
temperature. 

The nanoparticles were characterized by the following: 
5 (a) X-ray diffraction (XRD): This characterization, performed on a powder of the particles, 
showed that the particles were cry stalline with diffraction peaks like those of fee Pd (except 
for the broadening at finite size). The main reflections were: ( 1 1 1 ) at 2 & = approx. 38.2°, 
(200) at 20 = approx. 44.4°. (220) at 20 - approx. 77.5*. (31 1) at 20 = approx. 77.5°. (222) 
at 20 = approx. 81.8°. Also, using diffraction peak line-width broadening, the average 

10 domain size was determined to be 20 ± 3 A; (b) Ultraviolet-visible spectroscopy (uV/vis): 
This characterization, performed on dilute hcxanc or toluene solutions of the nanoparticles, 
did not show an absorption feature in the visible spectrum betwren 300 - 800 nm (this is as 
expected because Pd is not a 4 onc-cIcctron* metal); (c) Infrared spectroscropy (1R): This 
characterization, performed on a film of solid panicles that were deposited on an NaCI 

15 window by evaporation of several drops of a particlc/hcxane soution. showed dodecylamtne 
bands in the regions from * 3310 - 2990 cm* 1 (N-H stretch), * 3000-2850 cm' 1 (C-H aliphatic 
strech), * 1700-1300 cm"' (N-H bend @ 1600 cm* 1 CH : scissor @ 1450 cm' 1 ). * 1 100-1050 
cm 1 (C-H stretch), and * 900-700 cm' 1 (N-H wag); (d) Nuclear magnetic resonance 
spectroscopy (NMR): This characterization, performed on concentrated particlc/CDCl3 

20 solutation (10 mg/ml), showed three broad mulliplcts at 6 - 1.54. 1.36, and 192 ppm, with 
intesitics of roughtly 2:2:1. These peaks are superimposed on a fourth, very broad signal in 
the range of 6 - 2. 1 -.60 ppm; (e) Transmission electron microscopy (TEM): This 
characterization, performed on samples prepared by evaporating a drop of a dilute 
particlc/hcxane solutation onto an amorphous carbon-coated Cu TEM grid, yielded TEM 

25 micrographs of the particles which indicated that the panicles were predominatly spherical in 
morphology, that they were present with a relatively narrow si/e distribution <cr * |0° o ). and 
that the average domain size was %18 A; (0 Solubility test* This characterization, performed 
on dry powder sarnies of nanoparticles \ielJcJ excellent .u>lubilit> hcxanc. toluene, 
chloroform, dichloromethanc. pyridine, henscne and several other organs oUcnts 

30 Maximum soluhihn was found to be in the ran^t of "2< '» mg ml 
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LXAMI'LL * 

(a) 10 mg of dodccanclhiol-cappcd Ag nanocrystals prepared according to the 
procedure of Example 6 and having an average domain size of approximately 30 A uas added 
to 10 mg of polystyrene and then mixed with 2 ml of toluene (effectively a 50 •■• by uright 

5 Ag film because the toluene evaporates during spin coating procedures >; 

(b) the 2 ml mixture from (a) was then spin coated onto a glass substrate (winch 
contained patterned Al electrodes) at a rate of 1600 RPM. to generate a thin metal 
nanocrysul -doped polymer thin film; 

(c) After evaporating a top Al electrode onto the thin fi!m. dielectric, optical and film 
0 thickness measurements wrre carried out 

The film thickness was measured by profilometry to be 20 Mm The dielectric 
measurements of the metal nanocrystal -doped polymer thin film yielded unique dielectric 
values as coparcd to the "pure" or un-doped polymer The dielectric characteristics for the un- 
doped polymer thin filme wrre: a) dielectric constant * 2; b) brcadown voltage - 12 kvmm. 

5 The dielectric characteristics for the metal nanocrystal -doped polymer thin film wrre: a) 
dielectric constant - 15; b) brcadown voltaic - 12 kv/mm As can be seen, the dielectric 
constant of the doped film increases by about a factor of 10 There is one broad absorption 
feature at k—r - 465 nm. This feature is shifted to the red of that expected for just the 
nanopanicles in solution themselves (ix~ particles not pan of a doped polymer film) 

0 The fabrication methods discussed above may be used to prepare a range of novel 

metal nanocrystal -doped polymer thin film structures utilizing a variety of polymer* te g . 
polystyrene. PMMA, conducting polymers, etc l and a single Lmd of metal nanocry stal. or 
any combination of different metal nanocrysul s These include, but uc run limited to 
organically-functionali^cd Ag nanocrystal single or multiuser films. organicall>- 

5 functionalized Au nanocrystal single or mululaycr films. orgaiucalU-functionali/ed Pi 
nanocrystal single or mululaycr films, ocgamcally-functionali/ed PJ namvrvsuil single or 
mululayer films. organicall> -functional t/rd Au( o nanocry su! single .>r muitiljw-T film*; am 
combination therein of the organaalh -tmwtionan/cd mci.il u.uw»vf\ n'.uU • • r * j !iu:itiU\c? 
*iructurc with an Ag Au \£ iuikkh >ul toiifigut ation t-i I't \ i r.*iu*% ^..u > if.it Mut 



etc.); any variable stoichiometric combination of the organicalK-iuncuonalized metal 
nanocrvstals (e.g.. a 20% Ag 20% Au / 10" o Pt nanocyrstal ' 50% polymer configuration r 

EXAMPLE 10 

(a) dodcc> lammc-cappcd Pt nanocrystals were prepared and characterized according 
5 to the procedure of Example 7 The panicles used here for catalysis had an average domain 
size of approximately 25 A: (b> 10 ml of a 10 mg ml solution of dodecy lamme-capped Pt 
nanocrvstaJs prepared as in (a), aboxc. wa> combined with 125 ml of clean hexane tn a 
reaction flask. The air was purged from this mixture through three freeze -pump- thaw 
vacuum cycles over the course of 5 hours; <c) H :ixJ was bubbled ihrough the evacuated 
10 solution in the reaction flask from (b> for 12 hours; (d) The H Uv flow was stopped, the imual 
pressure of !l :4f) in the reaction vessel was measured with an in-line mercury manometer (P 
«= 665 torn, and then the flask was completely sealed; (e) 5 ml of 1 -hcxenc w^s injected 
into the reaction vessel via a 3 cc syringe that had been purged with ll :tft . if) The reaction 
mixture was vigorously stirred for 5 hours, and the pressure drop of H :u , was monitored over 
1 5 this time interval Control experiments (rut Pi-catalyst wax aJdcdi were also earned out in an 
analogous fashion. 

Where no Pt nanocrystals were added, the pressure of H : , fJ remains constant at the 
initial value of 662 torr over the course of 250 minutes This indicates that no reaction took 
place iic. no conversion of 1 -hcxenc to hexane occuncd) Where an aliquot of a hexane 
20 solution of dodec>lamine-functionalized Pt nanocrystals <a\g diameter * 25 Ai was initially 
added, the pressure of H :<f( imtialU decreases in a logarithmic fashion and then reaches some 
st cad > -state value (the conversion of I -hcxenc to hexane in presumubls complete within 
about 75 minute* or the catalyst is used up) 

Anv I (MOO A Pt and Pd nanocrystals functionah/ed with amine surface groups that 
2> will bind to the particles such as dodcc> Limine, ocudco lamme. or p\ndmc can be used to 

produce similar results 

Although ihe p^^™* invention ha* been described with letereiwc i* * prelerred 

cmKKjimciitv wikcfs billed in iKc an u-m^mi.v mm' Juil^ r..>\ iv m.iJ-- r\ i.'tm and 
Jctjii ^r.!*»ut Jctvinift f ' limn i^c >pint m\A ^> l |v ■ \\w ri\cnt!^:- 
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\\ iiat is claimed is 

1 A method for preparing organically functional i/xd nanoparticlcs of metals and metal 

alios s comprising the steps of 

<a> providing a dilution or dispersion of a metal precursor; 

(h) providing a solution of an organic surface passivan' 

<c> m:\ing said metal precursor with said organic surface passivant. 

( d i reacting the resulting mixture with a reducing agent to reduce said metal precursor 
to free metal while concomitantly binding said organic surface passivant to the 
resulting free metal surface; 
thereby providing organically functional ized metal and metal alloy nanoparticlcs having a 
paruclc diameter of 10-200A 

2. The method of clajm I which additionally comprises the steps of prov iding an organic 
solution of a phase transfer agent and mixing said phase transfer agent with said metal 
precursor prior to mixing with said organic surface passivant 

3. The method of claim 2 wherein said metal precursor contains one or more metal 
atoms. 

4 ll>e method of claim 3 wherein said one or more metal atoms is an alkali metal atom 

5. The method of claim 3 wherein said one or more metal atoms is an alkaline earth 
metal atom 

6 The method of claim 3 wherein said one or more metal atoms is a transition metal 
atom. 

7 Ihe method of claim 6 uhcrein said transition metal atom is a member selected from 
the group consisting of Au. Ag. I'l. I'd. Co. and allov* thereof 
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The method of claim 3 wherein said one or more metal atoms is a Group III metal 



atom 



9. The method of claim 8 wherein said one or more Group III metal atoms is a member 
selected from the group consisting of B. Al. Ga. In. and Tl 



The method of claim 3 wherein said one or more metal atoms is Pb 



1 1 The method of claim 2 wherein said phase transfer agent is a molecule containing 
both polar and non-polar functionality. 

12 The method of claim 2 wherein said phase transfer agent is a molecule having the 
ability to form micelles or inverted micelles. 

10 13 The method of claim 2 wherein said phase transfer agent is an amphiphilic molecule. 

14. The method of claim 13 wherein said amphiphilic molecule is a member selected 
from the group consisting of aJcohols, ethers, esters, fatty acids, phospholipids, 
polyphosphate esters, polycthers, alkylammonium salts, tatralkylboron alkali metal 
compounds. aJkali metal soaps and detergents, and nitrogen-containing aromatic compounds. 

15 15 llic method of claim 2 wherein said phase transfer agent is a zw ittcrion molecule 

16 I he method of claim 2 wherein said organic surface passivant is a compound of the 
formula R-X. wherein R is a member selected from the group consisting of alky I. aryl, 
alkynyl and aJkenyl groups, and X is a group which can bind to said free metal surface via 
strong or weak interactions 

20 17 1 he method of claim 2 wherein said organic surface passivant is a member selected 
from the group consisting of thiolv phosphme*. o\\ phosphmcs, disulfides, amines, oxides 



and .uiiidcs 
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18 The method of claim 2 wherein said reducing agent has the ability to reduce metal 
ions, metal complex ions and metal clusters to the metallic state 

19. The method of claim 2 wherein said reducing agent is a member selected from the 
group consisting of sodium borohydride, sodium cyanoborohydride, sodium citrate, lithium 
aluminum hydndc. K and NaK. 

20 A method for preparing a metal nanopanicle-doped matrix or a metal alloy 
nanoparticlc-doped matrix comprising 

providing organically functional ized metal or metal alloy particles prepared according 
to the method of claim 2; 

providing a matrix; and 

combining said organically functionalizcd metal or metal alloy particles with said 
matrix. 

2 1 . The method of claim 20 wherein said matrix is a polymer solution. 

22. The method of claim 21 wheTrin said polymer solution and said functionalized metal 
or metal alloy particles are combined by spin coating. 

23. The method of claim 21 wherein the polymer comprising said polymer solution is a 
member selected from the group consisting of polystyrene, polymethylmethacrylate, 
polvethers, polypropylene, and polyethylene. 

24. The method of claim 21 wherein the solvent comprising said polymer solution is a 
member selected from the group consisting of alcohols, ketones, ethers, chloroform. TCH and 
dichloromethanc. 

25 The method of claim 20 wherein said matrix is a sol-gel 
2(> I he method of claim 20 wherein said matrix is alumina 
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27. The method of claim 20 wherein said matrix is glassy carbon. 

28. The product of the method of claim 1 . 

29. "The product of the method of claim 2. 

30. A method for converting 1-hexene to hexane ewhich comprises reacting 1-hexene 
5 with hydrogen in the presence of a catalyst prepared by the steps of: 

(a) providing a solution of a Pt or Pd salt; 

(b) mixing said Pt or Pd salt solution with an organic solution of a phase transfer 

agent; 

(c) providing a solution of an amine surface passivant selected from the group 
10 consisting of dodecylamine, octadecylamine. and pyridine; 

(d) mixing the organic phase resulting from step (b) with said amine surface passivant 
solution; and 

(c) reacting the resulting mixture of step (d) with a reducing agent to reduce said Pt or 
Pd salt to free Pt or Pd while concomitantly binding said amine surface passivant to the 
1 5 resulting free Pt or Pd surface. 
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